We investigate the influence of vacuum polarization of quantum massive fields on the scalar sector of quasinormal modes in spherically symmetric black holes. We consider the evolution of a massless scalar field on the spacetime corresponding to a charged semiclassical black hole, consisting of the quantum corrected geometry of a Reissner-Nordström black hole dressed by a quantum massive scalar field in the large mass limit. Using a sixth order WKB approach we find a shift in the quasinormal mode frequencies due to vacuum polarization .
I. INTRODUCTION
The evolution of a small perturbation in a black hole background geometry gives rise, under appropriate boundary conditions to a discrete set of complex frequencies called quasinormal frequencies. Actually, the evolution of a perturbation, taking for instance the Schwarzschild black hole, can be divided in three stages. The first stage is a signal highly dependent on the initial conditions. Intermediate times are characterized by a exponential decay, with the frequencies determined by the quasinormal modes, that depends upon the parameters of the black hole. Late times are generally characterized by a power-law tail [1] .
Studying the quasinormal spectrum of black holes we can gain some valuable information about these objects, since quasinormal evolution depends only upon the parameters of black hole itself. Thus these frequencies represents the characteristic resonance spectrum of a black hole response [2] . In addition, we can investigate the black holes stability against small perturbations. In this context, several numerical methods have been developed that allow us to make the necessary calculations with an appropriate precision. [3] [4] [5] .
Further contexts include astrophysical black holes [2] [6] and the AdS/CFT correspondence, where the inverse of imaginary part of quasinormal frequencies of AdS black holes can be interpreted as the dual CFT relaxation time [7] [8] .
An interesting problem consists in determining what changes appears in the quasinormal mode spectrum of a black hole if we consider such a system surrounded by a quantum field with a semiclassical gravity, leading to a quantum corrected line element for the dressed black hole. The stress energy tensor of the quantum field surrounding the classical compact object contains all the necessary information to treat the above mentioned problem, as it enters as a source in the semiclassical Einstein equations leading to a dressed black hole solution [11] . Unfortunately, the exact determination of the quantum stress energy tensor in the general case is a very difficult task, and consequently there exist in the literature several approaches to obtain this quantity, including numerical ones. Due to the fact that the principal interest in further applications is not the quantum stress energy tensor itself, but rather its functional dependence on a wide class of metrics, it is obvious that we need, at least partially, to use approximate methods to develop a tractable expression for this quantity. Also there exist another difficulty with semiclassical gravity, and is the fact that the quantum fluctuations of the metric and the associated additional graviton contribution to the renormalized quantum stress energy tensor are ignored. In fact, the effect of linear gravitons contribute a term to the stress energy tensor of the same order as those coming from ordinary matter and radiation fields, and one should include this contribution. A popular solution to this difficulty is to study the separated effects of different sorts of quantized fields in classical spacetimes [11, 12] . In this way one develops knowledge of the type and range of physical effects created by quantum fields. If one has examined a quite wide selection of other quantum fields, then it is justifiable to assume that the graviton contribution will not be extremely different [12, 13] . On the other hand, it is reasonable to ignore the graviton contribution to the stress energy tensor when one is computing the metric backreaction caused by other quantized matter fields alone to first order. A consequence of this approach is that the backreaction is only meaningful in a perturbative sense, and the effect of the stress energy tensor for the quantum matter fields is regarded as a perturbation of the classical spacetime geometry. Thus, in semiclassical gravity, having a general analytic expression for the quantum stress tensor, we can find a perturbative solution to the backreaction problem and seek for a quantum corrected metric. There exist some results in the literature, since the pioneering work of York [14] , who solved the semiclassical Einstein equations for a Schwarzschild black hole dressed by a massless conformally coupled scalar field, using for the quantum stress energy tensor the results given earlier by Page [15] .
In a previous paper, Konoplya [9] studied for the first time the influence of the semiclassical backreaction upon black hole quasinormal modes. He investigated the particular case of a BTZ black hole dressed by a massless conformal scalar field, in which the particle creation around the event horizon dominates over the vacuum polarization effect. In this particular case, the 2+1-dimensional character of the metric ensures that the quantum corrected solution is self-consistent in the sense that the only quantum corrections to the geometry are coming from quantum matter fields, and there are no corrections from graviton loops.
To make a similar study in the four-dimensional case is more complicated, for the difficulty mentioned before regarding the ignorance of graviton contribution to the quantum stress energy tensor. In addition, for massless fields, the quantum corrected metric components diverge as r → ∞ and to obtain the correct solutions to the backreaction problem we need to impose some sort of boundary to the system under study. For the study of the corresponding quasinormal modes we have to deal with an effective potential with a step function or a delta function at the location of the boundary shell. This feature in the effective potential changes the spectrum. For this reason, we need to develop a model independent approach for the determination of the quasinormal frequencies in those cases, in such a way that the effective potential does not depend on the location of the boundary needed to fix the semiclassical solution [9] .
However, massive fields are good candidates for investigating the influence of their quantization on quasinormal modes. Vacuum polarization effects for very massive fields are not difficult to compute since there exist an exact analytic approximation for the quantum stress energy tensor, based on the Schwinger-DeWitt expansion of the quantum effective action [16, 17, 19, [24] [25] [26] . Using the first non divergent term in this expansion as the effective action (one-loop approximation), we can obtain a general analytical expression for the quantum stress energy tensor by functional differentiation with respect to the metric tensor, and solve the backreaction problem in a general analytical way. With respect to the validity of the Schwinger-DeWitt approximation, it is well-known that this method can be used to investigate effects like the vacuum polarization of massive fields in curved backgrounds, whenever the Compton's wavelenght of the field is less than the characteristic radius of curvature [17, [19] [20] [21] [22] . This paper is devoted to find this vacuum polarization effects upon quasinormal modes of quantum corrected Reissner-Nordström black holes in four dimensions. To the best of our knowledge this is the first attempt to go beyond the 2+1-dimensional case in the calculations of this type, considering the more realistic case of a four dimensional black hole solution.
We performed the calculations considering the case of a quantized massive scalar field as a source to the semiclassical Einstein equations. In the first section we explain how to obtain analytical expressions for the quantum stress tensor for a massive scalar field in the large mass limit, using a Schwinger -DeWitt approximation to construct the one-loop effective action, and present the results in a particular classical background given by the ReissnerNordstrom spacetime. Section 2 is devoted to solve the general backreaction problem for a general spherically symmetric spacetime, in terms of the components of the quantum stress energy tensor, and presents the particular results obtained for an electrically charged semiclassical black hole. In section 3 we consider the evolution of a massless test scalar field coupled to the semiclassical background and solve the Klein-gordon equation by separation of variables, determining the form of the effective potential for the test field. Section 4 contains the numerical results for the quasinormal frequencies of the semiclassical black hole considered, and we make a comparison with the 'bare' classical Reissner-Nordström solution.
Finally in Section 5 we give the concluding remarks and comment future related problems to be studied.
In the following we use for the Riemann tensor, its contractions, and the covariant derivatives the sign conventions of Misner, Thorne and Wheeler [23] . Our units are such that = c = G = 1.
II. RENORMALIZED STRESS ENERGY TENSOR FOR QUANTUM SCALAR MASSIVE FIELD
Consider a single quantum scalar field φ(x) with mass m interacting with gravity with non minimal coupling constant ξ in four dimensions. In the large mass limit the one loop effective action for the quantized scalar field [16] [17] [18] [19] 24] is given by
where stra 3 denotes the functional supertrace of a 3 [17] , and a 3 (x, x) is the coincidence limit fourth Hadamard-Minakshisundaram-DeWitt-Seeley coefficient (HMDS). As usual, the first three coefficients of the DeWitt-Schwinger expansion, a 0 , a 1 , and a 2 , contribute to the divergent part of the action and can be absorbed in the classical gravitational action by renormalization of the bare gravitational and cosmological constants. Upon inserting the expression for the HMDS coefficient in the above formula for the effective action we obtain a renormalized effective lagrangian [17, 19, 24, 26] given by
where the conformal part of the effective lagrangian is
and the mass dependent contribution takes the form
where we use Θ = 30 − 252ξ and η = ξ − 1 6 . By standard functional differentiation of the effective action with respect to the metric, the renormalized Stress-Energy tensor is obtained being given by
where the C ν µ and D ν µ tensors take cumbersome forms that the reader can find in [24, 26] . Different but equivalent expressions for the renormalized stress tensor at one-loop level were obtained in references [19, 28] .
For the present work we deal with the Reissner-Nordström spacetime. This results can be found in the paper by Matyjasek [18] and is amazingly simple:
where These results were obtained using the expression for the stress energy tensor presented in [24] and coincides with that previously obtained by Matyjasek in [18] using also the Schwinger-DeWitt approximation for Ricci flat spacetimes and by Anderson, Hiscock and Samuel in reference [12] using sixth order WKB approximation for the mode functions of the Klein-Gordon equation in the background spacetime. Moreover, the above stress energy tensor is covariantly conserved, and in the limit of zero black hole electric charge we obtain the results of Frolov and Zelnikov for the Schwarzshild spacetime. Also the quantum stress energy tensor is regular at the event horizon, as is to be expected due to the local nature of the Schwinger-DeWitt approximation and the regular nature of the horizon.
In our chosen system of units the general condition for the validity of the SchwingerDeWitt approximation can be put as mM ≥ 1, where m and M are respectively the scalar field and black hole masses. A more specific condition valid for Reissner-Nordstrom ( R-N ) spacetimes was given by Anderson et.al in Reference [12] , where they show, using detailed numerical results, that for mM ≥ 2 the deviation of the approximate stress energy tensor from the exact one lies within a few percent. In all the numerical calculations presented in the following sections of this paper, we carefully take into account the fulfillment of this condition.
In the next section we use these results to get the solution of semiclassical Einstein equations in the form of a semiclassical electrically charged black hole.
III. SEMICLASSICAL SOLUTION
In this section we show how to solve the general backreaction problem for spherically symmetric spacetimes applying general results to the particular case of an electrically charged semiclassical black hole, obtaining the quantum correction to the classical ReissnerNordström metric. There are previous studies on this direction [29, 30] , but we present here general results that can be applied to any spherically symmetric spacetime, following the lines of reference [31] . Consider the line element for a general spherically symmetric spacetime
We intend to solve the general semiclassical Einstein equations with the source T µν = T class µν + T µν including two contributions: the first, denoted by T class µν , comes from a classical source, and the second, denoted by T µν , is the quantum field contribution. In the following, we assume that the classical source is an electromagnetic field, so the solution to the backreaction problem gives a quantum corrected Reissner-Nörstrom black hole. It is possible to show, using appropiate combinations of the components of the Ricci tensor for the line element (7) , that the general form for the metric components g rr = B(r) and −g tt = A(r) that solves the backreaction problem are given by
and
where
In the above equations Q and M denotes the charge and the bare mass of the black hole, i.e, of the classical Reissner-Nördström solution. As we can easily see from expression (8) the mass of the black hole changes due to quantum effects. Note that the general solutions above are obtained using the same boundary conditions of reference [31] , which differs from that of Berej and Matyjasek in reference [29] that uses a horizon defined mass as the parameter in their final expressions. Usually, the integrals in (8) and (10) are performed introducing some perturbation approximation due to the fact that the quantum stress tensor T µν is linear in the Dirac constant ( that in our chosen units is = 1 ). In this sense, we are following the idea mentioned in the introduction, consistent in considering the right hand side of the semiclassical Einstein equations as a perturbation, since may be, therefore, the only one way to obtain the approximate physical solution to the backreaction problem. We use as a perturbation parameter the ratio ε = 1/M 2 , where M is the mass of the black hole ( in conventional units we have ε = M 2 P /M 2 , where M P is the Planck's mass). Now inserting in (8) and (10) the general expressions for the quantum stress tensor evaluated in the classical Reissner-Nordström metric and considering only terms that are linear in the perturbation parameter we can obtain A(r) and B(r) up to O(ε 2 ). After some algebra we
8 . For the function λ(r) in (9) defined by (10) we obtain
With the above analytical results for the semiclassical line element representing a quantum corrected charged black hole, we can determine the changes in some of the properties of the solution, with respect to its classical counterpart. In particular, we can determine the change in the position of the event horizon due to quantum effects. Let be
the position of the event horizon for the classical charged black hole. The horizon for the quantum corrected solution will be at position r + defined by
Solving (12) we find that, up to first order in the perturbation parameter, the exact horizon position r + for the semiclassical charged black hole is given by
Now using the expressions for the temporal component of the stress-energy tensor of the quantum field, and performing the above integral, we obtain as the final result
It is interesting to note that the effect of the quantum field over the bare black hole spacetime is to reduce the position of the event horizon. This reduction is a consequence of the typical fact that the weak energy condition for the quantum field is violated on the event horizon.
IV. LOOKING FOR SCALAR QUASINORMAL FREQUENCIES
In this section, we consider the evolution of a test massless scalar field Φ(x µ ), where
, in the background of the semiclassical spherically charged black hole studied above. The dynamics of for this test field is governed by the Klein-Gordon equation
with g µν is the metric tensor of semiclassical solution (8) to (12), and g its determinant.
Changing the wave function Φ = Ψ/r, and the radial coordinate dr/dr * = B(r)/A(r), and separating the time, radial and angular dependence of the field as
where ω is the quasinormal frequency and V is the effective potential. The potential V is a function of the metric components g µν and the multipolar number L,
where the primes refer to the derivatives with respect to the radial coordinate r. For the specific case of semiclassical electrically charged black holes discussed in this paper, we have for the effective potential the general result
where V c (r) is the scalar effective potential of the bare Reissner-Nordstrom black hole given
and U(r) is proportional to the first order contribution of the vacuum polarization effect to the total effective potential. The general expression for this magnitude can be written as
where this approach was extended to the third order beyond the eikonal approximation by Iyer and Will [33] and to the sixth order by Konoplya [10] .
We use in our numerical calculation of quasinormal modes this sixth order WKB expansion, for which was shown in [34] that gives a relative error which is about two order less than the third WKB order. The sixth order WKB formula can be written as
where V 0 is the value of the potential at its maximum as a function of the tortoise coordinate, and V ′′ 0 represents the second derivative of the potential with respect to the tortoise coordinate at its peak. The correction terms Π j depend on the value of the effective potential and its derivatives ( up to the 2i-th order) in the maximum ( see [35] and references therein ).
The above formula was used in several papers for the determination of quasinormal frequencies in a variety of systems [36] . Yet one should remember that strictly speaking the WKB series converge only asymptotically and the consequence decreasing of the relative error in each WKB order is not guaranteed. Fortunately, in the considered case here, WKB series shown convergence in all sixth orders.
In the following we show the results for the numerical evaluation of the first two fundamental quasinormal frequencies considering a minimal coupling between the quantum field and the bare black hole. As we can see for the above expressions for the effective potential of the semiclassical black hole, the parameters entering in the determination of the quasinormal frequencies are the black hole bare charge Q and mass M, the coupling constant ξ between the quantum scalar and the classical gravitational fields, and the quantum field mass m. In table (1) As the obtained numerical results show, a shift in the quasinormal spectrum due to semiclassical corrections of the Reissner-Nordström background appears, an effect that is more pronounced for the fundamental mode (L = 0). From (2) and (3) the above results, we arrive to the conclusion that the classical Reissner-Nordström black holes are better oscillators than its quantum corrected partners. This is in contrast with the results obtained by Konoplya in reference [9] for the BTZ black hole dressed by a quantum conformal massless scalar field. In that case was shown that the backreaction of the Hawking radiation increases the quality factor for semiclassical BTZ black holes in the small mass regime. The investigation of a similar problem (i.e, the increasing of the quality factor due to Hawking radiation, in contrast with the decreasing of that magnitude due to vacuum polarization ) for semiclassical charged black holes is in progress, and will be the subject of future publication by us.
We also evaluate the dependence of the quasinormal frequencies for a given black hole imaginary parts of the quasinormal frequencies for semiclassical black holes. A similar very small effect appears if we consider the dependance of the quasinormal frequencies on the mass of the quantum scalar field, for a fixed bare black hole mass and coupling constant.
As the quantum field mass increases, we found a very little increment in the real part of the frequencies for semiclassical black holes, and a very little decreasing in the imaginary part.
Therefore, the shift in the quasinormal frequencies with respect to the classical bare black hole appears to be almost the same for the given range of the quantum field parameters.
V. CONCLUDING REMARKS
We have studied the influence of the backreaction due to vacuum polarization on the structure of test scalar quasinormal frequencies for semiclassical charged black holes. The semiclasical solution studied describes a Reissner-Nordström black hole dressed by a quantum massive scalar field in the large mass limit. Such an influence appears essentially as an appreciable shift in the quasinormal frequencies that decreases as the bare black hole mass increases, and that not have a strong dependance upon the quantum field parameters. This shift shows that the quantum corrected quasinormal modes are less oscillatory with respect to its classical counterpart. The new features mentioned above regarding the quasinormal frequencies of the semiclassical solution so far reflect the physics of the back reaction of a single specie of a field of spin s = 0. While this have revealed novel important features of the quasinormal ringing stage for the quantum corrected black hole considered, a more realistic setting should take into account black holes surrounded by the multiple species of quantum fields, belonging to the Standard Model. It is expected that the shifts in the frequency spectrum obtained in this case should be more appreciable than in the situation considered in this work. The results for this more realistic case will be presented in a forthcoming paper.
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